One of the most straightforward approaches to making novel biological discoveries is the forward genetic screen. The time is ripe for forward genetic screens in the mouse since the mouse genome is sequenced, but the function of many of the genes remains unknown. Today, with careful planning, such screens are within the reach of even small individual labs. In this chapter we first discuss the types of screens in existence, as well as how to design a screen to recover mutations that are relevant to the interests of a lab. We then describe how to create mutations using the chemical N-ethyl-N-nitrosourea (ENU), including a detailed injection protocol. Next, we outline breeding schemes to establish mutant lines for each type of screen. Finally, we explain how to map mutations using recombination and how to ensure that a particular mutation causes a phenotype. Our goal is to make forward genetics in the mouse accessible to any lab with the desire to do it.
Introduction
Recent years have brought an explosion of whole-genome sequencing in a wide variety of organisms. From this explosion, comparative genomics has emerged as a powerful tool for shedding light on a range of biological processes, with the potential to reveal much about human variation, development, and disease. However, comparative genomics will not fulfill its potential until we have a more complete understanding of the functions of the individual genes in these genomes, so they can be related back to their human counterparts. For example, the function of a third of the genes in the mouse genome is still completely unknown.
Of the approximately 26,000 genes in the mouse genome, 8, 154 (31%) genes have no functional annotation (1) . Perhaps more remarkably, 17,904 (68%) genes in the mouse genome have no mutant alleles (1) . Several international projects are underway to produce null alleles of every gene in the mouse genome, so that gene function can be inferred from the resulting phenotype (2, 3) . Such a "reverse genetics" approach will provide valuable resources to the mouse community and fill many gaps in our knowledge. Complementary to this approach is forward genetics, which begins with a mutant phenotype in a biological process of interest and then asks what gene is disrupted to produce that particular phenotype. Forward genetic screens, therefore, can give us an unbiased view of a biological process from which novel discoveries can flow. Furthermore, the nature of the allele obtained in a mutagenesis screen can tell us a great deal about a particular protein's role in a specific process in a way that deletion of the protein cannot. Finally, another benefit of alleles created via chemical mutagenesis is that they tend to mimic human disease alleles (4) .
Reverse genetics has become the preferred method for individual labs studying specific mammalian genes. Recently, however, a growing number of labs are interested in forward genetics, largely for two reasons. First, the availability of the mouse genome sequence has made positional cloning much more straightforward, due in part to a denser set of markers that allows one to more easily narrow down the region in which a mutation lies. Further, we now know exactly how many genes are in any particular region. This information, combined with available gene expression data, makes it easier to prioritize which genes to sequence to find the causative mutation. Second, mutagenesis screens in the mouse have the unique ability to impartially reveal a collection of genes involved in a biological process of interest. In the current genomics era, where the focus is shifting from understanding single gene products to understanding how networks of gene products interact and influence one another, forward genetics is a particularly apt and powerful tool.
How practical is it for an individual lab to perform a forward genetic screen in the mouse? General concerns are time, breeding space required, and cost. Although the time from mutagenization to the establishment of mutant lines is about 1 year, much of this is passive time spent waiting for males to recover fertility after mutagenization and setting up crosses. The active screening time is 4 or 5 months. The amount of breeding space required reflects this passive/active time pattern, with a long period of housing relatively few mice, followed by the active screening phase, when a burst of mice are produced ( Fig. 12.1 ). Once mutant lines are established, active positional cloning takes several months to about a year to complete. However, next-generation resequencing technology holds promise that we will further accelerate this step, as longer portions of a chromosome can be sequenced for less time and cost. Overall, it is quite feasible for an individual lab to carry out a mutagenesis screen, and the goal of this chapter is to provide the reader with practical considerations and instructions to do just that.
Materials
1. Mice: 7-to 8-week-old males of the desired strain for mutagenization (Section 3.2).
N-ethyl-N-nitrosourea (ENU).
3. 95% ethanol: make fresh each time. 
Methods

Designing a Screen
The initial consideration is a critical one: how to design a screen to recover mutations that suit the interests and goals of the lab? One way to approach this question is to first determine whether you are interested in a general biological process or a particular gene or region of the genome ( Fig. 12.2) . Those interested in a general biological process are best served by a genome-wide screen, since it is likely that numerous genes scattered throughout the genome control the process of interest. Those more interested in the functional content of a given region of the genome, or in generating an allelic series of a particular gene, will find a region-specific screen more appropriate. Another consideration is the time it will take to map and clone causative mutations once the screening is complete. In a genome-wide screen, the recovered mutations can be at any position on any chromosome. Positional cloning takes several months to a year to complete, because one must generate enough embryos to allow up to 1,500 opportunities for recombination, design primers to find polymorphic markers, and sequence. Since region-specific screens are limited to a defined portion of the genome, finding the causative mutation is greatly simplified, reducing the overall time and cost. We will examine several classes of both genome-wide and region-specific genetic screens below.
Having defined screening criteria is another important factor to consider when designing a screen, for ease of phenotype identification and reproducibility. For example, our lab recently completed a screen for recessive mutations that affect embryonic development. We broadly examined embryos for morphological abnormalities, but for consistency we chose nine key features to score, such as brain lobes, eyes, and pharyngeal arches. Increasingly complex assays can lead to lengthy or slow screening. For instance, screens that include criteria such as serum analysis or behavioral assays may limit the number of mutant lines that can be screened. Each lab must weigh for itself the relative costs and benefits of including extra steps in a screen.
Genome-Wide Screens
Genome-wide screens can be designed to recover mutations that create either dominant or recessive alleles. Dominant alleles cause a phenotype that is observed in the heterozygous state, either because two normal alleles are required for normal function of the gene (haploinsufficiency), because the mutant allele disrupts the function of the normal allele (dominant negative), or because the mutant allele has new or increased activity (gain of function). One purely practical reason to screen for dominant alleles is that they can be recovered in the fewest number of crosses, thereby reducing time and cost (Section 3.3). Another possible rationale for performing a dominant screen is to model a human disease condition with a dominant mode of transmission (for examples, see (5) ).
Recessive alleles can have partial or total loss of function, and both alleles must be mutant to produce a phenotype. Therefore, three crosses are required to recover mutations that create recessive alleles (Fig. 12.3) . The additional breeding time can be justified, however, since it is easier to infer normal gene function from recessive alleles, as they are generally loss of function.
The final class of genome-wide screen is the modifier screen: recovering new genes that suppress or enhance a phenotype of interest. Modifier screens are performed when at least one gene is known to be necessary for a biological process of interest, and the goal is to discover other genes in the same pathway or same process. Modifier screens can be designed to recover dominant or recessive alleles, as above. They can also be performed with known alleles that are not viable in the homozygous state, although the crossing scheme is more involved (Fig. 12.4) .
Region-Specific Screens
The narrowest type of region-specific screen is the noncomplementation screen. The purpose of a non-complementation screen is to find new alleles of a gene of interest, because mutations in different protein domains can reveal much about the function of those domains and/or can help to define specific interactions with other proteins. In a non-complementation screen, one crosses an animal carrying a known mutation in a particular allele with an animal carrying random mutations ( Fig. 12.5) . If the progeny of such a cross exhibit the mutant phenotype of the known allele, the newly mutagenized allele is said to "fail to complement" the original allele. It is important to note that since mutations are induced randomly in the genome, a failure to complement can be either allelic or non-allelic; if it is allelic, then the mutation will be revealed through sequencing the gene in the new mutant background. If it is non-allelic, the mutation must be mapped via meiotic recombination (Section 3.4).
Deletion screens incorporate mouse strains with deletions in known portions of their genome. A number of deletion strains are available in the mouse, with about half of the chromosomes having at least one "deletion complex" or collection of overlapping deletions (Table 12.1). The first seven deletion complexes were Fig. 12.4 . Crossing scheme for dominant (upper gray box) or recessive (lower gray box) modifier alleles. In this crossing scheme the allele to be modified (in the white mouse) is assumed to be homozygous lethal or sterile. The half-black/half-white chromosome in the second generation indicates that either allele is acceptable in this cross. generated by irradiating or chemically mutating mice and then crossing them to mice with visible markers. In this way deletions could be located to the region surrounding the visible marker (specific locus test; (6)). These initial deletion complexes each contain many available mouse strains with overlapping deletions (Table 12. 1, gray rows). More recently, deletion complexes are created in genomic areas of interest using embryonic stem cells (ES cells). Deletions are generated in ES cells through irradiation or through Cre-loxP-mediated recombination and then mice bearing the deletions are produced from the ES cells, when possible (Table 12. 1, white rows) (7) (8) (9) (10) . In addition to simplifying the mapping process, another practical reason to perform a deletion screen is that recessive mutations can be recovered in fewer crosses than in a genome-wide recessive screen ( Fig. 12.6 ). The only caveat is that the deletion strain used in the screen must be viable as a heterozygote (i.e., cannot be haploinsufficient), a fact not yet known for the deletions that only exist as ES cells.
The final region-specific screen is the balancer screen, modeled after successful screens performed in Drosophila melanogaster and Caenorhabditis elegans. A "balancer chromosome" is one that contains inversions to prevent recombination with its homolog, plus a dominant marker, so that animals carrying it can be recognized. Balancer chromosomes may contain recessive lethal mutations as well. They are called "balancers" because they prevent any lethal or sterile mutations on the homologous chromosome from being removed from a population (i.e., they maintain heterozygosity). Screens performed with balancer chromosomes therefore have several advantages: the visible marker allows one to identify and select the G2 and G3 mice that are potentially carrying mutations, in contrast to performing blind crosses, as one must in genome-wide screens ( Fig. 12.7) . In addition, the ability to genotype using visible markers is not only faster and cheaper than PCR-based methods but provides an advantage in determining whether the mutation segregates to the balancer region. Finally, if the mutant phenotype is recessive lethal or sterile, the line can be more easily maintained, since it is balanced. One drawback of performing a balancer screen is that cur- rently there are not yet many balancer mouse strains available (see Table 12 .2). However, they can be generated using recombination in ES cells (7, 11, 12) . Furthermore, more G0 males may need to be injected, because only half of the F1 males will be subsequently used (those carrying the balancer, see Fig. 12.7) . Finally, when screening for embryonic lethal phenotypes, it is best to use a balancer that is viable when homozygous to prevent confusion about the cause of lethality.
Mutagenization
There are several methods to mutagenize the mouse genome: chemicals like N-ethyl-N-nitrosourea (ENU) and chlorambucil, irradiation with X-rays or gamma rays, and transposons such as sleeping beauty (6, (13) (14) (15) (16) (17) . For the purposes of this chapter we focus on the most widely used method, the chemical ENU. ENU is a powerful mutagen. Depending on the strain of mouse and the dose given, ENU induces a point mutation every 0.5-16 Mb throughout the genome (18) (19) (20) (21) (22) , which is about 100 times higher than the spontaneous mutation rate per generation in humans (23) . Further, ENU primarily affects spermatogonial stem cells, so that one male mouse will produce multiple clones of mutated sperm after completion of spermatogenesis (24) . In addition to its efficient nature, another advantage of ENU is the variety of protein altercations that can result from this form of mutagenization. Since ENU is an alkylating agent that induces point mutations, nonsense (10%), missense (63%), splicing (26%), and "make-sense" (1%) mutations can all occur (reviewed in (25) (26) (27) ). Therefore, in addition to null alleles, other alleles will also be generated, including hypomorphs, hypermorphs, and dominant-negative alleles. This ability to generate an allelic series is one of the great strengths of forward genetics.
Inbred Strains and ENU Dose
One of the first practical considerations is which strain of mice to mutagenize. A popular choice is C57BL/6J, because the effective dose of ENU is well defined and the genome is sequenced for this strain, facilitating future mapping and analysis portions of the screen. Nevertheless, with the increased density of genetic markers and cheaper and more advanced resequencing technologies, choosing other strains has become feasible. Such advancements allow more flexibility in screen design, for instance by enabling one to incorporate visible markers (such as GFP) that may only be available on a particular genetic background. When choosing the strain of mice to mutagenize, it is important to note that ENU affects inbred strains differently (Table 12. 3). In all strains, ENU initially depletes all spermatogonia from the testes, leading to a period of sterility from which some males never recover.
In addition, some mice may die during the sterile period due to somatic mutations that lead to cancer or increase susceptibility to pathogens. The length of the sterile period and the deaths vary with ENU dosage and each inbred strain; some strains (like BALB/cJ and C57BL/6J) can tolerate a relatively high dose, whereas others (like FVB/N) are very sensitive to ENU. For successful mutagenesis, one must balance the highest possible mutation load with the lowest rates of sterility and death. Thanks to careful analysis and experimentation by Justice et al. (28) and Weber et al. (29) , the optimal ENU dose for various inbred strains can be estimated; we provide a summary in Table 12 .3. As indicated in Table 12 .3, a fractionated series of injections at weekly intervals is generally more effective than one single large injection, since a series maximizes the mutagenic effect and minimizes animal lethality (30) . For instance, rather than a single dose of 300 mg/kg, inject 3 doses of 100 mg/kg at weekly intervals (written as 3 × 100 mg/kg).
Number of Mice to Inject
The number of males to inject depends on how many genes in the genome one wishes to survey. Each F1 animal is estimated to be heterozygous for about 20-30 gene-inactivating mutations, based on the specific locus test and data from other mutagenesis screens (6, 31) . In a genome-wide screen, 100 F1 lines will therefore interrogate 2,000-3,000 genes, about 8-12% of the genome. Since ENU mutagenizes spermatogonial stem cells leading to clones of mutant sperm, not more than eight F1 animals should come from any particular G0 father, to avoid rescreening the same mutation. In theory, for 100 F1 lines, a minimum of 12-13 G0 males should be injected. However, since some percentage of the G0 males will either fail to recover fertility or die (or both), it is good practice to inject about three times the minimum number of males. For example, in a recently completed genetic screen in our lab, we injected 50 C57/BL6 males with 3 × 100 mg/kg ENU. After 10-12 weeks, about half the males had died before recovering fertility. From the remaining G0 males, we recovered 122 F1 males.
ENU Injection Protocol
ENU is carcinogenic and must be handled with extreme care (modified from (32)). Most institutions require an IACUC safety approval justification and common FAQs on ENU. ENU can be obtained as 1 g of powder in a light-protected ISOPAC container. ENU is sensitive to light, humidity, and pH. For this reason, it should be stored at -20 • C in the dark until use and then diluted not more than 3 h before injection.
Prior to Injection
Complete all institutional IACUC safety approval procedures (varies from institution to institution).
2. Order male mice of the strain to be injected so that they will be 7-8 weeks old at the time of injection, keeping in mind that they will need at least 1 week to adjust to their new environment after arrival.
Day of Injection
Make all solutions and gather all materials (see above).
4. Weigh all males to be injected and calculate the amount of ENU to inject per mouse, based on the following formula:
10 mg/mL ENU (x mL to inject)
= (final concentration of ENU)(mouse body weight)
For example, if you want a final concentration of 100 mg/kg ENU in a 20 g C57BL/6J mouse:
10 mg/mL ENU (x mL to inject) = (0.1 mg/g)(20 g) 7. After injection, the mice will become uncoordinated from the alcohol and lose consciousness for a short time, usually about 20 min. During this time they should be monitored to ensure they recover consciousness.
8. Deactivate and dispose of ENU: ENU should be completely deactivated. Since it has a short half-life under alkaline conditions, use one of the two inactivating solutions given above to thoroughly rinse all materials that came in contact with ENU. In our experience it is best to minimize handling the materials on the day of injection; therefore, we leave all materials in the hood with the light on overnight to further ensure that the ENU is deactivated. Prominent signs should be displayed on the hood and room in which ENU is deactivating, alerting unknowing staff and coworkers to the presence of ENU.
After Injection
9. After the last weekly injection, let males recover for 2-3 weeks.
10. A good indication that the mutagenesis was successful is sterile males. To ensure that males are sterile, mate them with females (at this time the females can be any strain and can likely be used for other experiments if the males are indeed sterile). Males are sterile if mating plugs are observed but the females do not become pregnant.
11. Starting 2-3 weeks before the males are expected to regain fertility (see Table 12 .3), set males up with 1 or 2 females of the desired strain (usually different from the G0 strain, for mapping purposes, see below).
Breeding Crosses and Establishment of Mutant Lines
Once the G0 males have recovered fertility, the more active phase of the screening process begins: breeding crosses to screen for mutant phenotypes and establish mutant lines. The class of screen dictates the series of crosses to perform; each crossing scheme is outlined below. straightforward mutation mapping (Section 3.4) . The number of polymorphisms between strains varies, so this should be taken into account when choosing the crossing strain (Table 12. 
4).
2. Dominant mutations will be recovered in the first generation (F1) (upper gray box in Fig. 12.3) . Since the mutations occur randomly in the sperm of the G0 male, each F1 animal represents a unique suite of mutations and is thus considered a "line." However, since the G0 spermatogonial stem cells are mutated, it is best to screen not more than eight F1 animals from any one G0 male to avoid rescreening the same mutation. Collect F1 animals and screen for the phenotype of interest. Once F1 animals with an interesting phenotype are identified, they must be maintained as separate lines. If the dominant mutation is viable and fertile, it is simply a matter of breeding the F1 animal to the same inbred strain chosen in cross #1.
Genome-Wide
Screen: Recessive Mutations 1. 1st cross: Same as above. Collect eight F1 males per G0 male and allow them to come to breeding age. Discard F1 females (Fig. 12.3 ).
2nd cross:
Breed each F1 male individually to two wild-type females of the same inbred strain used in the 1st cross. Collect G2 females only and allow them to come to breeding age; discard G2 males to save mouse room space and cost (new G2 males can be obtained later, if needed, to establish lines of interest).
3rd cross:
Backcross G2 females to their F1 fathers. Mate at least six G2 females to each F1 male. When a phenotype has been observed in at least two G3 animals from two separate G2 females, it is likely genetic (see Note 2). To maintain the line, collect G2 males and mate them to their sibling G2 females to determine whether the G2 male is a carrier; carrier males are then kept for subsequent breeding and analysis (Section 3.4). Alternative 3rd cross: A theoretical drawback to backcrossing the G2 females to F1 males is that it places reproductive strain on the F1 male, since he will be needed to produce many litters. In our experience, however, we have not encountered problems with this. Nonetheless, an alternative to backcrossing is intercrossing G2 male and female siblings. This method has the advantage that G2 carrier males are immediately identified; a drawback is that both G2 males and females must be weaned from the second cross, above, increasing mouse room space and cost. The breeding scheme presented here assumes that the mutation to be modified is not viable in the homozygous state (white mouse in Fig. 12.4) .
1. 1st cross: Cross G0 males to females of a different strain who are heterozygous for the allele to be modified. Collect F1 animals (not more than eight per G0 male, as above) and allow them to come to breeding age.
2nd cross:
Cross F1 animals to animals of the same strain as the females crossed to G0 males, above. Dominant modifiers will be seen in G2 animals; collect and screen for enhancement or suppression of the phenotype of interest.
3rd cross:
Backcross G2 females to their F1 fathers. Recessive modifiers will be seen in G3 animals; collect and screen for enhancement or suppression of the phenotype of interest. 
1st cross:
Cross G0 males with females of a different inbred strain who are homozygous for the allele of interest. Collect F1 animals (not more than eight per G0 male, as above) and screen them for failure to complement the mutation (Fig. 12.5 ) (i.e., exhibit the same phenotype as animals homozygous for the starting allele (white mouse in Fig. 12.5a) ). 
Cross G0 males with wild-type females of the same genetic background as those containing the allele of interest. Collect F1 animals (not more than eight per G0 male, as above) and allow them to come to breeding age.
2. 2nd cross: Cross F1 animals to animals that are heterozygous for the allele of interest. Screen the resulting G2 progeny for a failure to complement the allele of interest. As mentioned above, a failure to complement (Fig. 12.5 ) can be either allelic or non-allelic, and this can be determined through direct sequencing of the gene in the new mutant background (White Mouse in Fig. 12.5b ).
3.3.6. Region-Specific Screen: Deletion Screen for Lethal or Sterile Recessive Mutations
Cross G0 males to wild-type females from the same genetic background as the deletion strain used in the 2nd cross, below. Collect F1 animals and allow them to come to breeding age ( Fig. 12.6 ).
2nd cross:
Cross F1 animals to animals hemizygous for a deleted region of interest. Any recessive mutations that occur in trans to the deleted region will be observable in the G2 progeny.
3.3.7. Region-Specific Screen: Using Balancers
1st cross:
Cross G0 males to females of a different inbred strain who are heterozygous for a balancer chromosome. Collect F1 animals carrying the balancer chromosome (onehalf of the F1 progeny) and allow them to come to breeding age ( Fig. 12.7 ).
2nd cross:
Cross F1 animals carrying the balancer to animals carrying the balancer in trans to a wild-type chromosome marked with a dominant visible marker that is distinct from the visible marker on the balancer chromosome. Collect G2 animals that are heterozygous for the newly mutated chromosome over the balancer chromosome (can be distinguished based on visible markers). Discard the rest of the progeny.
3rd cross:
Backcross G2 animals to their F1 parents. The G3 animals can again be distinguished by their visible markers. If a G3 animal is not carrying a balancer chromosome, then it is homozygous for the newly mutated chromosome. If such animals exhibit a phenotype, then the mutation lies in the balanced region of the genome. However, if a G3 animal has a phenotype but is heterozygous for the balancer, then the mutation lies outside the balanced region, elsewhere in the genome.
Analysis and Cloning
The excitement of establishing a new mutant line with an interesting phenotype may only be surpassed by discovering the underlying genetic change that causes the phenotype. Traditionally, there are three main steps to accomplish this goal: recombination mapping to narrow down the genomic interval in which a mutation lies, sequencing candidate genes in this genomic interval, and confirming that a particular mutation is indeed responsible for the observed phenotype.
Mapping Based on Recombination
Since mice from one inbred strain (x) are mutagenized and then crossed to mice of another inbred strain (y), the F1 generation is 50% x and 50% y. In the process of establishing and maintaining mutant lines, mice are continually crossed to the nonmutagenized (y) background, all the while selecting for the mutation. Over several generations, therefore, the genome of the mutant lines will largely be of the y background, while the region surrounding the mutation will be of the x background. The premise of recombination mapping is that the causative mutation will be linked to the x background, which can be distinguished by polymorphisms that differ between the x and y backgrounds. There are two main classes of polymorphisms used in recombination mapping: simple sequence length polymorphisms (SSLPs), which are short repeated segments that differ in length between inbred strains, and single nucleotide polymorphisms (SNPs). Both classes can be used to create polymorphic "markers." SSLP markers are created by designing PCR primers around the SSLP, so that the size of the PCR product differs between two strains. SNP markers can be created by finding SNPs that create restriction fragment length polymorphisms (RFLPs), also detectable by PCR. In addition, SNPs can be genotyped directly using array-based SNP panels (see below). The first step of recombination mapping is to determine on which chromosome the mutation lies. This is achieved by performing a genome-wide scan using polymorphic markers that are spaced at regular intervals throughout the genome at low density. Several commercially available SNP panels have been designed for this purpose. For example, Illumina's mouse Low Density (LD) and Medium Density (MD) Linkage Panels contain 377 and 1,449 SNPs, respectively, spaced across the entire mouse genome. DNA from affected (mutant) animals is obtained, and the SNPs contained in the linkage panels are genotyped to determine which chromosome has the largest cluster of DNA from the mutagenized background. The required starting amount of DNA is low (750 ng-1.5 μg) and can be obtained from tissue from a single animal. To detect linkage, DNA from eight or nine affected animals should be SNP genotyped.
The next step is high-resolution mapping, which is essentially the same process, but using markers that are more closely spaced. In the course of mapping their own mutations, several groups have created polymorphic markers and made them available to the public (see online resources, below). You should first determine whether any of the available markers are appropriate for your use. If there are no informative markers in the region of interest, then markers will need to be created.
Step-by-step instructions are available from the Sloan-Kettering site, below. Use the markers to genotype both affected and non-affected animals from each line. Since affected animals are known to carry the mutation, and the mutation lies in a region of mutagenized background DNA (e.g., "x"), informative animals will be recombinants that have wild-type DNA (e.g., y) adjacent to mutagenized DNA. Since the portion of the chromosome containing wild-type DNA cannot contain the mutation, that portion can be ruled out. As more affected recombinant animals are genotyped, longer portions of the chromosome are eliminated. Conversely, non-affected recombinant animals are used to rule out portions of the chromosome that are homozygous for mutagenized DNA (for recessive alleles). It is important to note that, if there are any issues with penetrance of the phenotype one can easily be misled by apparently non-affected animals and may want to exclude them from analysis.
Below is a partial list of online resources to locate or design appropriate markers:
Sloan 
Sequencing
Once the genomic interval in which a mutation lies has been narrowed sufficiently, the next step is to sequence candidate gene(s) in the interval. A number of factors influence the decision of when and what to begin sequencing. One consideration is whether there are additional polymorphisms that could potentially narrow the interval further. However, the chance of obtaining recombinant animals decreases as the interval is narrowed. Perhaps the best indicator that the time to sequence has come is that there are a manageable number of genes in the interval, which may or may not be correlated with the physical size of the interval. What is "manageable" depends on the investigator, but larger collections of genes can be prioritized for sequencing based on expression data or any available phenotypic data. In addition, since ENU causes mutations in exons and splice sites in the vast majority of cases, sequencing entire genes is not necessary. The availability of next-generation resequencing technologies is poised to change how investigators perceive what is a manageable number of genes to sequence. It is becoming practical to sequence very long portions of a chromosome at a time and for less money. This technology may drastically alter the balance of time spent mapping versus sequencing, to the point that, ultimately, one may only need to know which chromosome contains the mutation before beginning to sequence.
Confirmation
How do you know that a mutation actually causes the observed phenotype? Direct evidence includes genetic rescue or complementation. Genetic rescue occurs when a wild-type copy of the gene is introduced into the mutant background, and the mutant phenotype is no longer observed. Although direct, this method is time consuming because it involves creating transgenic mice. The other direct method is a complementation analysis, which involves creating mice that have one copy of your mutant allele and one copy of a known mutant allele in the suspected gene. If the mutant phenotype is seen in such an animal, then your allele fails to complement the phenotype and is an allele of the suspected gene. While this is faster than genetic rescue, it depends on the availability of mutant alleles in the gene of interest. There can also be indirect evidence that a mutation causes the observed phenotype, including disruption of gene expression, protein production, protein activity, or cellular/tissue localization. Other indirect evidence may be that the observed mutant phenotype is similar to other alleles of the suspected gene or is similar to the mutant phenotype of genes in the same pathway.
Notes
1. ENU: To spec or not to spec? The concentration of ENU can be determined by spectrophotometry after dilution in phosphate/citrate buffer. This is the best way to be absolutely certain about the exact amount of ENU you are injecting into the mice, since it is possible that there is not exactly 1 g of ENU in the container provided by Sigma. Problems can result if the amount of ENU injected is too high (e.g., all the G0 males die or fail to recover fertility) or too low (e.g., failure to obtain relevant mutant lines). If you are experiencing one of these problems despite having taken the inbred mouse strain into consideration, you may need to spec the ENU. A good protocol can be found in (32) . However, in our experience we have found that handling the ENU as little as possible is best, and following the strain guidelines and injecting a sufficient number of males yield good results.
2. It may be hard to tell if a particular phenotype is truly genetic or just a random phenomenon. A good rule of thumb is that the phenotype should be seen in multiple animals from separate litters, at a frequency of approximately 25% (for recessive alleles).
If screening for embryonic lethal mutations, the G2 females will be dissected to view the G3 embryos. To avoid an overwhelming number of dissections on any 1 day, it is best to mate only two G2 females to the F1 male at a time. As mating plugs are observed, place the pregnant females in a separate cage and replenish the mating cage with new G2 females.
